Abstract Incident irradiance, surface water temperature and phytoplankton species abundances were measured at weekly intervals in Narragansett Bay from 1959 through 1980. Stepwise discriminant analyses (SDA) of this 22-year data set indicate that fundamental ecosystem changes occurred between the 1960s and 1970s, with 1969 being the key transitional year in these decadal shifts in phytoplankton taxonomic structure and seasonal abundance. This decadal shift was accompanied by the increased summer abundance of small Thalassiosira spp., which first appeared in 1966 and by 1969 became the sixth most important phytoplankton component in this bay. Decadal trends in phytoplankton community organization and abundance were also accompanied by distinct long-term climatological gradients of temperature and light. The 1960s were generally colder and brighter than the 1970s. Prior to 1969, the annual phytoplankton maximum occurred most commonly during winter; in the 1970s, the annual maximum generally shifted to a summer event. Three 5-year phytoplankton cycles occurred between 1959 and 1974. During each pentade, the phytoplankton community returned to a similar taxonomic organization and abundance cycle after diverging in the intervening years. Pentade cycles did not occur after 1974; the phytoplankton community thereafter diverged significantly from each preceding year. Five species [Skeletonema costatum, Detonula confervacea, Asterionellopsis glacialis, Heterosigma akashiwo (= Olislhodiscus luteus) and Thalassiosira nordenskioeldii] dominated the phytoplankton over the 22-year period. SDA revealed a high degree of similarity and constancy in the annual occurrence patterns of these taxa. The decadal shifts revealed by SDA were more directly related to the considerable interannual variability that characterized the abundance and seasonality of the less abundant species.
Introduction
Temporal patterns of occurrence and abundance of numerically important phytoplankton species in Narragansett Bay, Rhode Island (41°34'N, 71°23"W), over a 22-year period have been described (Karentz and Smayda, 1984) . R-type (species-oriented) principal components analysis (PCA) was used to evaluate species associations based on weekly quantitative sampling. The PCA brdinated the 30 most abundant species along a seasonal gradient of temperature and irradiance. While the in situ seasonal occurrence patterns of these species generally agreed with those expected from laboratory experiments on temperature-growth relationships, several lines of evidence suggested that the observed successional patterns were not regulated by temperature.
In this paper, the Narragansett Bay phytoplankton series is re-examined using a Q-type (sample-oriented) stepwise discriminant analysis (SDA) to investigate long-term trends in species succession. We will focus on the variability in the taxonomic structure of the phytoplankton assemblages over time. The results of the SDA were analyzed relative to specific occurrences and abundances of individual species, rather than to generalized seasonal patterns identified previously by PCA. The degree to which annual and seasonal changes in taxonomic structure were repetitive and predictable was also assessed. Finally, major shifts in successional patterns and probable relationships between phytoplankton events and changes in light, temperature and trophic level interactions have been identified.
Method
The phytoplankton data set from Narragansett Bay used in this analysis consists of 1000 weekly samples collected over a 22-year period from 1959 through 1980. A total of 138 taxa have been recorded from surface samples. Methods used to measure incident light intensity, water temperature and phytoplankton species abundance, and procedures to log-transform species' cell counts and reduce the rank of the species data matrix, were described previously (Karentz and Smayda, 1984) .
SDA program BMDP7M of the Biomedical Computer Programs P-series was applied to examine temporal changes in phytoplankton community structure (Cooley and Lohnes, 1971; Allen and Skagen, 1973; Dixon and Brown, 1979) . SDA summarizes variation within a data set, providing more concise and comprehensible presentations of large matrices than is possible with graphs and tables of raw figures alone. In the SDA of the Narragansett Bay data, each sample date was projected as a single point within a geometric hypervolume (n-dimensional space) defined by the number (n) of species included in a selected model. The individual abundances of all species (present or not) on any given sample date determine the location of each sample point. Additionally, each sample date is assigned to a predesignated temporal group (a sub-matrix of the log-transformed cell counts).
SDA is an iterative procedure by which individual species are successively added into the discriminant model so that the ratio of the variance between groups to the variance within each group is maximized. Species that have the most variable record of abundance and occurrence are added into the discriminant model first, followed by those which have more regular patterns of occurrence in the phytoplankton. In this way, the SDA emphasizes differences between groups while maintaining the integrity of each group.
Canonical variables, i.e. vectors that represent the summarization of variability inherent in the data, are generated from the discriminant model (Cooley and Lohnes, 1971; Dixon and Brown, 1979) . The generated canonical variables are calculated to maximize the percent of variance in the data explained by each canonical variable (CV), with CV1 explaining the greatest portion of the variance, CV2 explaining the next largest portion, etc. The number of canonical variables derived is equal to the number of variables (species) entered. The first two canonical variables (CV1, CV2) usually accounted for at least half of the total variation within the data. The percent of variation in the data explained by the canonical variable(s) is shown in the corresponding graphical representations. Graphical representations of the correlation coefficients between samples and canonical variables CV1 and CV2 facilitate comparison of the qualitative and quantitative aspects of taxonomic structure among the designated temporal groups being analyzed. In plots of the canonical variables, each group is represented by a single point, which is a mean value. In reality, each mean is surrounded by a cloud of points, one for each sample date in the group. Given the large number of samples in the Narragansett Bay data set, we have plotted group means rather than the individual points on the figures. The relative spatial distribution and the distances between mean points indicate the degree of taxonomic similarity. The objective of the analyses is to separate (= discriminate) between the different annual and other subgroups based on a series of seemingly continuously distributed measurements of phytoplankton species occurrence and abundance, temperature and light. The percent variance explained indicates how well the SDA has succeeded in 'pulling apart' the various distinct subgroups hidden in the data.
Three temporal groupings of the Narragansett Bay data were established for SDA: 22 year-groups (January-December) to examine annual successional patterns; 44 semi-annual groups to examine 'summer' (June-October) and 'winter' (November-May) patterns; and 88 quarterly-groups (January-March, April-June, July-September, October-December) to examine seasonal patterns and their annual variations. Various subsets of the species data bank in each of these temporal groupings were also subjected to SDA. Initially, the 49 most abundant species were used (Table I) , followed by 30-, 10-, 6-and 5-species models. SDA was repeated on the 24 most frequently observed species (based on presence and absence, rather than cell abundance) (Table I ). Light and temperature data corresponding to the same temporal groupings were also subjected to SDA. Groups that had continuous segments of missing data (e.g. year 1963, 'summer' 1977, 'winter' 1978) were not used to develop the discriminant model. However, the data available from these groups were evaluated relative to the model after it was established. These points are identified on the accompanying figures by the use of adjoining, broken lines.
Results

Temperature and light
The seasonal patterns of temperature and incident irradiance were described previously (Karentz and Smayda, 1984) . The 22-year quarterly mean temperature was lowest during the January-March quarter (1.8°C) and highest (20.7°C) during July-September (Figure 1 ). The 1960s were generally colder than the 1970s (Table II) . This was most pronounced for the January-March quarters; mean temperature was 32% lower during 1959-1969 than during 1970-1980 . The long-term trend in incident irradiance was the reverse of that for temperature; light levels were higher in the 1960s than during the 1970s (Figure 2 ). Mean irradiance levels were lowest (189 ly day-1 ) during autumn (October-December) and highest (460 ly day" 1 ) during the spring quarter (April-June) (Figure 2 ).
SDA of light and temperature
SDA of the annual (January-December) light and temperature data identified light as the more discriminating of these two environmental variables relative to group separation ( Figure 3A ). Each year's correlation between the plotted position of CV1 and the corresponding mean light level was stronger than that between CV1 position and mean temperature. Most of the annual data with high CVl loadings are from the 1960s, while the cluster of years having low CVl loadings are mostly from the mid-to late 1970s. The distribution of years along the CVl gradient in Figure 3A , therefore, represents a gradient of phytoplankton communities extending from the 'low-light' years of the 1970s to the 'high-light' D.Karentz and TXSmayda years of the 1960s. Although the tight clustering of means reveals a high degree of similarity, the segregation of the 1960s and 1970s year-groups is evident. The majority of the 1960s group means were positively correlated with CV1, whereas 1970s year-groups were negatively correlated. This decadal separation relative to light and temperature reflects the trends observed from the 1960s through the 1970s in which temperature increased and light decreased (Figures 1 and 2 ). In SDA of 'summer' and 'winter' groupings, the two seasons clustered at opposite ends of CV1 ( Figure 3B ), a seasonal separation related primarily to temperature. Although the residual variation associated with CV2 was only 2%, decadal groups within each seasonal cluster were segregated along this axis. SDA of the quarterly light and temperature data revealed that January-March groups exhibit the greatest dispersion among years, July-September the least ( Figure 4 ). As with the annual and semi-annual groups, the 1960s and 1970s quarterly-groups are distinctly segregated. For each quarter, yearly groups are widely distributed along CV1. This chronological alignment reflects specific differences in light and temperature regimes for each time period.
Total phytoplankton
Mean annual and quarterly abundances of phytoplankton cells during the 22-year period are shown in Figure 5 . The highest (117 886 ml" phytoplankton maximum usually occurred during the winter (January-March). During the following decade, the annual phytoplankton maximum was predominantly a summer (June-September) event. In both decades, lowest cell numbers generally were recorded in the autumn (October-December). Overall, mean weekly abundance ranged interannually from -1000 to 15 000 cells ml" 1 in the winter samples, from 1000 to 12 000 cells ml"" 1 during the spring, from 2000 to 17 000 cells ml" 1 during summer, and from 800 to 8000 cells ml" 1 during autumn. These changes and their apparent environmental regulation will be presented in greater detail elsewhere (TJ.Smayda, in preparation). 
D.Karentz and T-Umayda
SDA of annual successional patterns
The first model evaluated by SDA to assess annual (January-December) patterns in phytoplankton community structure was based on the 49 species most abundant numerically ( Figure 6A ; Table I ). Although the plotted annual mean values are distinct, values of individual sample points (not shown) from within a given year overlapped those from other annual groups. This reflects the condition that summer assemblages from one year may be more similar to those of another year than to winter assemblages of the same year. The chronological continuum observed along CVI reflects the continual change that characterizes community organization of the phytoplankton assemblages in Narragansett Bay. Two clusters of yearly means were generated. In the first cluster consisting of the When we redefined the year-groups as belonging to a 12-month calendar period extending from May to April, the spatial relationships generated between years were nearly identical to those of the January-December annual groupings. This supports our view that the interannual differences suggested by SDA are real and not biased by the temporal grouping procedure.
We then applied SDA to annual groups of progressively fewer species whose inclusion in the models was based on their total maximum abundance, or Table I for species used. frequency of occurrence. The spatial distributions of yearly means based on the 24 most frequently observed species were similar to the model of the 30 most abundant species (not shown) and relatively unchanged from the 49-species model ( Figure 6B , Table I ). However, the closer association of the 1978-1980 year-groups ( Figure 6B ) suggests a greater degree of taxonomic similarity.
In restricting SDA to the six most abundant species, the clear separation of the 1960s from the 1970s persists ( Figure 6C) . However, this 6-species model does not exhibit the three pentade cycles between 1959 and 1974 seen in the other models, and the 1970s year-groups exhibit a greater inter-annual similarity. A particularly notable feature in the 6-species model is the significant departure from previous years initiated in 1967; in the other models, this occurred in 1969. This divergence is related to the quantitative detection of small Thalassiosira spp. in the Narragansett Bay samples beginning in 1966, and routinely found thereafter. By 1967, this assemblage established itself as a major component in the phytoplankton community, and subsequently has become the sixth most numerically abundant 'taxon' in the 22-year time series (Karentz and Smayda, 1984) . When first observed in the samples, these cells were grouped as a single species. Subsequent taxonomic studies indicate that several nanoplanktonic (<10 urn) Thalassiosira species comprise this 'taxon' which are exceedingly difficult to distinguish during routine phytoplankton enumeration. Electron microscopy is required, which Gayoso (1985) used to describe the new species, Thalassiosira solitaria. Their grouped inclusion here as Thalassiosira spp. does not alter the ensuing SDA results and interpretations.
Collectively, the five species most abundant numerically accounted for 84% of the total cells represented by the 49-species model (Skeletonema costatum alone accounted for 64%). SDA of these five species produced a result strikingly different from that in the 49-, 24-, 10-(not shown) and 6-species models ( Figure 6D ). Asterionellopsis glacialis was entered into the model first because it was the most variable in terms of its annual occurrence patterns (i.e. it is the best discriminator of the temporal groups). It was followed by Heterosigma akashiwo, Thalassiosira nordenskioeldii, Detonula confervacea and S.costatum. The year-groups in this 5-species model are tightly clustered; this reflects the repetitive nature of their individual annual occurrence patterns. Despite this tight clustering, the distinction between the 1960s and 1970s year-groups persists. The 1960s year-groups are distributed across CV1; those from the 1970s tend to be aligned along CV2. The 5-species model contains some obvious outlying years (1960-1961, 1965, 1967-1969, 1972 and 1977) . In five of these eight years (1960-1961; 1967-1969) , large populations of A.glacialis occurred during the fall and winter. These unusual years in Narragansett Bay have been designated as 'Asterionellopsis years' (TJ. Smayda et ai, in preparation) . The three other outlying year-groups (1967, 1972, 1977) correspond to years of peak abundance in the 5-year abundance cycle exhibited by T.nordenskioeldii (Karentz and Smayda, 1984) .
The outlying years of the 5-species model also generally correspond to key years recognizable in the 49-species model. For example, 1965, which initiated the second pentade cycle within the 1960s cluster in the 49-species model, is also distinct from the main 1960s cluster in the 5-species model. Total phytoplankton abundance, particularly for diatoms, was low during 1965; the only year in the 1960s when the annual maximum occurred during summer. Low mean annual abundances were recorded for four of the five species (D.confervacea was the exception). Skeletonema costatum and T.nordenskioeldii exhibited their 22-year minima in 1965, and the annual maxima for S.costatum and A.glacialis then shifted from the colder periods of the year to summer (Figures 7 and 8) .
The years [1965] [1966] [1967] [1968] [1969] (1968) .
SDA of the 'summer-winter' successional pattern
The 49-and 5-species models were used to evaluate semi-annual successional patterns along the interactive temperature and light continuum ( Figure 9A ). The 'summer' and 'winter' groups of the 49-species model segregated along CV2 and aligned along CV1 in a chronological continuum, and generally exhibited cyclical trends similar to those which characterized the annual groups model ( Figure  6A ). This response is consistent with expected summer-winter patterns in temperature and light. The two canonical variables account for 56% of the variation within the species data. 'Summer' patterns during the late 1970s and in 1980 are closely related; 'winter' patterns are more variable and possibly cyclical. In this SDA treatment, the shift in successional patterns between the 1960s and 1970s can be specifically identified as having occurred during the summer of 1969. This community change preceded a similar shift evident in the 'winter' group (November 1969-May 1970) community structure.
In the model with the five dominant species, 'summer' and 'winter' assemblages are again clearly separated along CV1 ( Figure 9B ). Since three of the five species have distinct seasonal patterns of occurrence (Figures 7 and 8 evident, are superimposed. Within the cluster of 'summer' groups, years of highest abundance of H.akashiwo (1959-1962, 1976, 1978-1980) have the strongest positive correlations with CV1. Groups having high positive correlations with CV2 (1970, 1973, 1975) are years when the largest 'summer' blooms of A.glacialis occurred. 'Winter' groups varied considerably between successive years and exhibited random chronological patterns. As in the summer cluster, 'Asterionellopsis years' (fall and winter of 1961-1962 and 1967-1969) are grouped at the positive end of CV2. The two canonical variables account for 73% of the variation within the species data.
SDA of the seasonal successional pattern
SDA of the seasonal successional patterns based on quarterly groupings of the 49 species also separates the 1960s year-groups from those during the 1970s ( Figure  10 ). The July-September groups show a significant shift in 1969 away from the early 1960s to form a very compact cluster of year-groups ending with 1974 ( Figure IOC ). This quarterly model confirms that a precipitous change in the annual successional patterns observed during the 22-year observational period occurred in 1969 (Figure 6 ), and indicates that this change was initiated during the summer of 1969. The close association of the 1969-1974 year-groups shows the large degree of similarity in the taxonomic structure and successional sequences of the summer phytoplankton communities during this period. The distinction between the two decades initiated during the 1969 summer persisted in the October-December groups ( Figure 10D ). The marked deviation in taxonomic structure during 1976 accompanied one of the coldest seasons in the New England area (see also Figure 4 ) (Stone et al., 1980) . The mean temperature for October-December 1976 was 3.8°C below the 22-year average. These decadal differences in the taxonomic structure and abundance of the phytoplankton communities reflected in their 'summer-winter' (Figure 9 ) and seasonal ( Figure 10 ) successional patterns accompanied the significant long-term changes in temperature and light which characterize the 22-year time series (Figures 1 and 2 ; Karentz and Smayda, 1984; Smayda, 1984) . However, the two canonical variables account for <50% of the variation within the species data.
Discussion
Discriminant analyses have previously been used to evaluate stratification of species composition in benthic communities (Walker et al., 1979) , to describe relationships between surf-zone diatom blooms and hydrographic factors (Garver and Lewin, 1981) , to examine the role of environmental factors in the spatial and temporal changes of both planktonic and benthic diatom community structure (Karentz and Mclntire, 1977; Amspoker and Mclntire, 1978; Zurlini et al., 1983; Goodman et al., 1984) , and in the prediction of red tide occurrences (Ouchi, 1984) . Advantages of using discriminant analysis with time series phytoplankton data include: changes in community taxonomic structure can be quantified relative to defined temporal categories; SDA facilitates comparison of the long-term trends, cycles and successional patterns exhibited by selected groups of species; and SDA results can be presented parsimoniously. In the present study, we were able to condense 22 years of data onto one plot that summarizes the relative degree of similarity in species successional patterns within a given chronology (annual, semi-annual and seasonal) and of selected phytoplankton assemblages. Segregation of the 1960s and 1970s year-groups was the most obvious and consistent feature of the phytoplankton and environmental data sets. These decadal differences were not intuitively obvious prior to SDA evaluation. Only after the latter consistently indicated that these year-groups were separable did we reexamine the data from a different perspective. This re-examination confirmed the SDA results evident in all temporal subgroupings of the data set: 1969 was the key transitional year in the observed decadal shift in phytoplankton taxonomic structure and seasonal abundance. Subsequent review of the raw data revealed that spring 1969 was not only the second wannest spring in the 22-year time series, but the annual phytoplankton maximum in 1969 occurred during April, rather than during winter, as in previous years (excluding 1966), or during summer, as in the majority of later years. The significant shift in the taxonomic character of the phytoplankton community between the 1960s and 1970s can also be attributed to a 1969 inception, specifically to the summer of 1969. This appears to be partly linked to the increased summer occurrence of small Thalassiosira spp., first detected in 1966 during the weekly phytoplankton surveys, and by 1969 became established as the sixth most important taxon in Narragansett Bay (Karentz and Smayda, 1984) . The apparent impact of this assemblage on altered phytoplankton community structure is verified by the conspicuous SDA differences between the 5-species model, in which Thalassiosira spp. are omitted, and the 6-, 10-, 24-, 30-and 49-species models, in which it was included. An influence of other species on this decadal shift in taxonomic character is less obvious. A number of significant changes in species occurrence and abundance began prior to the decadal shift in 1969, notably in 1965, as described above. Thus, several simultaneous trends and cycles of irradiance, temperature and phytoplankton community structure preceded the conspicuous shift that commenced between decades. We previously examined the relationship between the annual temperature and irradiance gradients in Narragansett Bay and the seasonal occurrence and abundance of a number of dominant phytoplankton species (Karentz and Smayda, 1984) . Despite general agreement between their in situ occurrences and responses in laboratory experiments assessing their temperature-growth relationships, temperature was not a useful predictor in modeling the initiation, development or maintenance of individual populations for most of these species in Narragansett Bay. In contrast, the SDA results suggest that the warm spring temperatures during 1969 influenced the remarkable and unusual events in the annual phytoplankton cycle that year, namely, the occurrence of the annual maximum in spring, not winter, and the significant floristic shift observed that summer. Moreover, the warm winter temperatures subsequently during the 1970s generally were accompanied by low winter phytoplankton abundance, with the annual phytoplankton maximum frequently occurring during summer (Smayda, 1984) . These events, directly or indirectly, apparently altered subsequent phytoplankton successional cycles in Narragansett Bay, and suggest a cause-and-effect relationship between the decadal patterns of phytoplankton succession and light and temperature.
The extent to which herbivory and allelopathy influenced these altered longterm trends and interannual variations in phytoplankton assemblages is unknown. Previous studies in Narragansett Bay have shown that herbivorous grazing modifies phytoplankton species composition and abundance (Martin, 1965 (Martin, ,1970 Smayda, 1973b; Tomas and Deason, 1981) , and that allelopathic interactions between phytoplankton species occur (Pratt, 1966; Smayda, 1973b) . One would expect that the temporal displacement of a phytoplankton bloom and its community restructuring, such as reported here, would partially alter interactions between various trophic levels. Indeed, correspondence analysis of fish populations in Narragansett Bay indicates that a similar decadal shift in community structure occurred between the 1960s and 1970s, with 1969 being the transitional year (Jeffries and Terceiro, 1985) . A peak period for winter flounder, Pseudopleuronectes americanus, the most common fish species in Narragansett Bay, occurred during the 'Asterionellopsis years ' of 1967-1969 . As found for the phytoplankton, the fish data during these years deviated significantly from the cyclical patterns characterizing other years. More than 75% of the interannual variations in winter flounder abundance in Narragansett Bay could be accounted for by very small changes in mean annual water temperature (Jeffries and Johnson, 1974,1976; Johnson, 1980) . These variations were attributed to thermal effects on the metamorphosis of winter flounder larvae during April. During years when this month was warmer (such as 1969), the larvae developed more rapidly, but had a higher mortality rate, resulting in decreased adult populations 2-3 years later (Johnson, 1980) . Decreases in both larval and adult flounder would have immediate and long-term repercussions in the trophic structure of Narragansett Bay. Any alteration in grazing pressure on zooplankton would influence phytoplankton composition, abundance and their interannual and seasonal variations, such as reported here.
Clearly, a fundamental ecosystem change occurred in Narragansett Bay between the 1960s and 1970s, with 1969 the transitional year: changes being evident in temperature, irradiance, phytoplankton and winter flounder levels. Although their quantitative inter-relationships remain obscure, available evidence collectively suggests that the warm spring temperatures of 1969 may have initiated significant changes in the biology of Narragansett Bay. The shift in timing of the annual phytoplankton maximum from being predominantly a winter event in the 1960s to, increasingly, a summer occurrence in the 1970s is another manifestation of this ecosystem change. In this case, the limited data on ctenophore-zooplankton-phytoplankton interactions in Narragansett Bay suggest that the increased, though episodic, abundance of the ctenophore Mnemiopsis leidyi during the 1970s may have initiated and regulated this seasonal shift in the timing of the annual phytoplankton maximum. Abundance of this carnivorous ctenophore and summer phytoplankton levels were directly related during 1972 -1977 (Deason and Smayda, 1981 . Mnemiopsis leidyi grazes on copepods, which reduces the latter's grazing pressure on the phytoplankton. Summer populations of the diatom S.costatum were lowest during 1972,1976 and 1977 , years when mean population densities of Mnemiopsis were also lowest and zooplankton abundance high; during these years, the annual phytoplankton maximum occurred during winter. During 1973 During -1975 , high ctenophore densities and summer abundances of S.costatum co-occurred; in those years, the annual phytoplankton maximum occurred in August. Although quantitative data on ctenophore populations prior to 1972 do not exist, Martin (1970) noted that a large increase in ctenophores during the 1965 summer relative to the previous 3 years was accompanied by decimation of the non-gelatinous zooplankton populations. Interestingly, 1965 was the only year in the 1960s when the annual phytoplankton maximum occurred in the summer. Presumably, increased ctenophore grazing on herbivorous zooplankton reduced their grazing pressure on the phytoplankton and allowed for a large summer bloom. Lindahl and Hernroth (1983) have suggested that episodic incursions of the scyphomedusan, Aurelia aurelia, a zooplankton carnivore, were responsible for some unusual phytoplankton blooms in Gullmar Fjord, Sweden.
Our final major finding is that three 5-year phytoplankton cycles occurred between 1959 and 1974. During each pentade, the phytoplankton community returned to a similar taxonomic organization after diverging in the intervening years. Thus, year-groups 1959 and 1963 were similar to each other during the first pentade, as were 1964 and 1968 during the second pentade, and 1969 and 1974 during the third pentade. The distinction between the first two pentades during 1959-1968 is less pronounced than that between the second and third pentades. The significant difference between 1968 and 1969 heralded the third 5-year cycle, but the significant community shift between 1974 and 1975 did not result in a new 5-year cycle; rather, each year thereafter through 1980 (the final year of the time series analyses) diverged considerably from the preceding year. Community structure and dynamics, at least as described by SDA, differed considerably during this period from those occurring during the 1960s through mid-1970s. The causes of the remarkable 5-year cycling patterns characterizing the first 15 years of the data set, and the subsequent disappearance of this cyclicity, are unknown. It is notable that these 5-year cycling patterns are embedded within the 22-year long-term trend in which phytoplankton abundance progressively decreased during the winter quarter and increased during the summer quarter (Smayda, 1984) . Pratt (1959) , based on a 5-year (1952) (1953) (1954) (1955) (1956) ) data set, described four 'natural phases' of phytoplankton species succession in Narragansett Bay, characterized by an alternation of diatom and flagellate dominance. Diatoms dominated the winter-spring and late-summer periods; flagellates predominated during late spring-early summer and during autumn. These temporal recurrence patterns of the numerically dominant species in Pratt's 5-year study persisted through 1980, and subsequently (TJ. Smayda, unpublished) . The small Thalassiosira species, first detected in 1966, are a notable addition to Pratt's list of dominants. The causative factors of their emergence, persistence and overall ecological significance in Narragansett Bay remain to be established, including the enigmatic role of nutrients in these occurrences. Bioassay of the surface waters over an annual cycle using the closely related nanodiatom Thalassiosira oceanica grown at 16 different nutrient enrichment treatments revealed that nitrogen limitation usually impeded its growth (Smayda, 1974) . In contrast, similar, small Thalassiosira spp. dominated the community in experimental mesocosms enriched daily at rates 16 and 32 times greater than the daily riverine inputs of sewage into Narragansett Bay, but not in the four lower nutrient treatments ranging from 1 to 8 times (Oviatt et al., 1989) . This raises the issue of whether the observed proliferation of the Thalassiosira spp. since 1969 represents a response to progressive nutrient build-up in the waters at the collection site, even though ambient nutrient levels do not signal such an increase (TJ. Smayda, unpublished) . Such observations need not be contradictory, since the initial response of the ecosystem to nutrient enrichment may be an increase in cellular abundance (i.e. the excess nutrient results in greater population size), and only after the carrying capacity is reached may evidence of increased nutrient loading be detected in the chemical measurements. Furnas (1982) , using diffusion chamber methodology, established that sustained, high in situ growth rates (often exceeding 2.0 divisions day" 1 ) characterized summer populations of Thalassiosira spp. in Narragansett Bay. This behavior certainly suggests an adequate summer nutrient flow. Related to this issue is the role of grazing. Growth rates of natural tintinnid populations in Narragansett Bay, unlike for other micro-zooplankton components, were repressed during summer blooms of the Thalassiosira spp. (Verity, 1986a,b) . Experiments showed that this inhibition was attributed to the presence of gelatinous threads extruded by these Thalassiosira spp. which inhibited their ingestion (Verity and Villareal, 1986) . Cells lacking these threads were readily ingested by tintinnids and supported good growth. Thus, whatever the reasons for this enigmatic appearance and subsequent importance of Thalassiosira spp. in Narragansett Bay, nutrients and micro-zooplankton grazing effects undoubtedly influence observed annual and interannual variability in their blooms and role in altering phytoplankton community organization.
The observed interannual variations, long-term trends and 5-year cycles of phytoplankton species in Narragansett Bay (as revealed by SDA) primarily reflect variable patterns in species combinations, their seasonal occurrence and abundance characteristics, and the timing of their blooms. Such variability is presumably under environmental regulation, although variable seeding mechanisms could also be involved (see Karentz and Smayda, 1984) . The greatly reduced and relatively modest interannual variation in SDA of the five most dominant species relative to the 49-, 30-, 24-, 10-and 6-most-dominant-species models is a particularly interesting result. In Narragansett Bay, these five species must be those best adapted autecologically to local environmental conditions, especially S.costatum and A.glacialis which tend to occur year round. Skeletonema costatum frequently contributes >75% of the total annual phytoplankton cell density in Narragansett Bay and contiguous waters (Smayda, 1957 (Smayda, , 1973a . This ubiquity has been attributed to the existence of genetically differentiated clones which have specific patterns of seasonal occurrence (Gallagher, 1980) . .
The marked contrast in the SDA results between the 5-species and the 49-, 24-and 6-species models suggests that, on a long-term basis, less abundant species may be more important than the major species in determining and modifying the community organization of the phytoplankton assemblages, and their successional and overall bloom patterns. However, temporal shifts in the occurrence and/or abundance of numerically dominant taxa may be useful indicators of changes occurring within the phytoplankton community as a whole. This is especially true for A.glacialis, whose episodic major blooms are accompanied by numerous alterations in the occurrence and abundance of less dominant species. Such blooms may also be the diatom analogue of unpredictable flagellate blooms, some of which are harmful in their trophic impact (Smayda, 1992) .
